The B3LYP/aug-cc-pvDZ level of theory has been applied to the study of the molecular structures, electronic structures and the azido-tetrazole isomerization of 1-azido-s-triazine, 1,3-diazido-s-triazine and 1,3,5-triazido-s-triazine. NBO analysis was applied to investigate the atomic natural charge and stabilization interaction energies among molecules. The results showed that the reaction initially proceeds through the loss of the linearity of the azido group and the approaching of the terminal nitrogen atom of the azide group to the nitrogen atom of the ring. This is followed by an attack of the lone pairs on N atoms in the ring to the azido group, leading to the formation of the N-N bonds. Many factors, including bending of the bond angle, electrostatic attraction, orbital delocalization and the stabilization interaction give rise to a large free energy barrier for the cyclization process. The results also show that the second and third cyclization is relatively easier than the first one.
High energy density materials (HEDMs) have become the frontier of energetic material development, which is one of the most important key technologies of national defense and has been given unprecedented attention by many countries [1] . In addition to nitrogen clusters, another kind of HEDMs that can be used as propellants and explosives is the multi-nitrogen compounds. They typically have a high and positive heat of formation [2] , which is a new field that is worthy of attention [3] . In terms of the structure, increasing the density requires that the molecule should have a cyclic or cage-like structure with a high degree of symmetry, and should also have an optimal amount of tertiary and quaternary carbons, as well as nitrogen atoms and an optimum number of nitro and azido groups. Based on these characteristics of HEDMs and the literature results [4, 5] , s-triazine and azido groups are respectively chosen as the parent and substitutent by which 1-azido-s-triazine, 1,3-diazido-s-triazine, and 1,3,5-triazido-s-triazine are designed in this paper.
Moreover, previous results [6] have shown that azido-tetrazole isomerization is possible when -N 3 is close to the N atom. Huisgen [7] defined the corresponding type of reactions as 1, 5-dipolar cyclization, and the electronic reorganization in the process of reactions has been described in references [8, 9] .
Triazine and its derivatives are the important constituent part of many natural products. The study on cyclization mechanism of azido-s-triazine is helpful to knowledge and understanding of natural products from the microscopic point of view.
In this paper, we report the azido-tetrazole cyclization mechanism of 1-azido-s-triazine, 1,3-diazido-s-triazine and 1,3,5-triazido-striazine with the density functional theory (DFT), in which the activation energies, enthalpies, free energies and reaction rates in each step were calculated, to establish the theoretical basis of synthesizing these energetic materials. This allowed us to compare six cyclization reaction processes for these three compounds. To the best of our knowledge, these studies have not been reported previously.
Calculated methods:
Density functional theory (DFT) [10] was applied to optimize all the structures. Beck's three-parameter nonlocal exchange function along with the Lee-Yang-Parr nonlocal correlation function (B3LYP) [10, 11] was employed. Dunning's aug-cc-pvDZ basis set was used throughout [12] , and the SCF convergence criterion was set to 10 -8 . The minimum energy of the stationary points was verified by frequency analysis. Natural bond orbital (NBO) [13] [14] analysis was carried out on the basis of the optimized geometries. All other calculations were performed with the GAUSSIAN 09 package [15] .
Molecular geometries for the azido-tetrazole reaction of 1-azido-striazine, 1,3-diazido-s-triazine, and 1,3,5-triazido-s-triazine, and all structures of the intermediary and transition states are listed in Figure1. As can be seen, for 1-azido-s-triazine, the most significant changes upon cyclization, in addition to the loss of linearity of the azido group, which corresponds to a bending of 57.5°, are from the changes of the bond angle N2-C1-N3 and N1-N2-N3, which are 11.5° and 10°, respectively. The lengths of bonds N1-C2, N3-N4 and N4-N5 increase by about 0.04 , 0.1 and 0.17 Å, respectively. The length of the C1-N3 bond decreases by about 0.07 Å. For 1,3diazido-s-triazine and 1,3,5-triazido-s-triazine, two and three cyclization processes are respectively observed (see Figure 1 ), whereas the changes in the geometric structures of these intermediate states are similar to those of 1-azido-s-triazine's intermediate.
The optimized structures for these transition states are presented in Figure 1 . All transition states are 5-membered rings (N-C-N-N-N) and have unique imaginary frequencies ( Table 1 ). They are 290.0 i cm -1 for TS1, 277.2 i cm -1 for ITS1, 264.6 i cm -1 for ITS2, 275.1 i cm -1 for IITS1, 254.2i cm -1 for IITS2, and 265.9i cm -1 for IITS3, respectively. The corresponding vibrational mode corresponds to the nitrogen-rocking oscillation between the terminal N atom of the azide and the N atom in the ring. The bond lengths of C1-N2, C1-N3, N3-N4, N4-N5, N2-N5 are 1.3454, 1.3769, 1.3211, 1.1785 and 1.9614 Å, and the angles of N2-C1-N3, C1-N3-N4, N3-N4-N5 are 116.9°, 104.5°, 131.7° for TS1. As expected, the geometry structural parameters for the transition state (TS1) are intermediate between those of azido and tetrazole. The bond lengths of C1-N2, N3-C4, and N4-N5 of the TS1 state increase by 0.003, 0.068, and 0.047 Å compared with the data for the azido. The bond lengths In addition, molecular orbital diagrams of the reaction process of 1azido-s-triazine are also considered ( Figure 2) . The results show that the azide group does not participate in the delocalized orbital of M1 in the azine ring, whereas all atoms except the H will form a delocalized orbital for TS1 and M2 indicating that there is considerable conjugation in the ring. Dihedral angle data show that all molecules have two-dimensional structures. Changes for ITS1, ITS2, IITS1, IITS2 and IITS3 are all similar to those of TS1. The mechanism of cyclization: The transition state is formed by bending the bond angles of N3-N4-N5 /N8-N9-N10 / N13-N14-N15 with an increase in the bond length of N3-N4/N8-N9/ N13-N14 and N4-N5/N9-N10/N14-N15 and a decrease in the bond length of C1-N3/C1-N3 / C11-N13. Cyclization happens in the process when the transition states are converted tetrazole. The bond length of N2-N5/N7-N10/N12-N15 varies by about 0.6 Å with concomitant changes in the bond lengths N3-N4 and N2-C1, which are enlarged by about 0.03 and 0.04 Å, and the bond angle of N2-C1-N3, which decreases by around 10°.
To investigate the electron density redistribution in the cyclization, NBO natural charges have been calculated ( Table 2) . Charges density analysis indicates that the NBO charge of N2 is respectively -0.570 a.u. in M1, and -0.503 a.u. in TS1. The terminal N atom of the azide in M1 and TS1 possess charges of 0.031 and 0.064 a.u, so a very slight attraction between N and N atoms can appear. Similar charge distributions have been observed for all cyclization processes of 1,3-diazido-s-triazine and 1,3,5-triazido-s-triazine. From the electrostatics point of view, cyclization can hardly arise. The driving force for the ring closure can be the  stabilization of the azoles-triazine ring, meaning that these reactions are mainly orbital governed. To analyze the interaction between nitrogen atoms Theoretical studies on the mechanism of the azido-tetrazole of azido-s-triazine Natural Product Communications Vol. 10 (2) 2015 271
in the s-triazine ring and the azido groups, we studied the stabilization interaction energies E (2) among molecules at the B3LYP/aug-cc-pvdz level. In the NBO analysis, E (2) was used to describe the delocalization trend of electrons from the donor bond to the acceptor bond. If the stabilization interaction energy E (2) between the donor bonding orbital and the acceptor bonding orbital is large, there will be strong interaction between the two bonds. The stabilization interaction energy between the lone pair of N5 and antibonding orbital of N4-N5 for M1, TS1 and M2 are, respectively, 3.39, 229.4 and 132.6 kJ.mol -1 . For the cyclization of 1,3-diazido-striazine, the interaction energy between LPN5 and BD* N3-N4 disappears in ITS1 and IM2. E (2) between LPN7 and BD* N9-N10 are, respectively, 211.8 and 128.7 kJ.mol -1 in ITS2 and IM3. For the cyclization of 1,3,5-triazido-s-triazine, the interaction energy between LPN5 and BD* N3-N4 disappears in IITS1 and IIM2. E (2) between LPN7 and BD* N9-N10 are 241.2 and 126.5 kJ.mol -1 in IITS2 and IIM3; E (2) between LPN12 and BD* N14-N15 are 316.1 and 128.4 kJ.mol -1 in IITS3 and IIM4. All these results indicate that the N2 lone pair had started attacking the azido group in the transition state and provided suitable conditions for the bonding between N2 and N5. The energy relationship for the isomerization reaction paths: Table 1 gives some corresponding energy data of the cyclization process. Table 3 lists the reaction data including enthalpy, activation energy, Gibbs free energy and rates of reaction. Figure 3 illustrates corresponding energy relationships. All these results show that the reactions of forming M2, IM2, IM3, IIM2, IIM3 and IIM4 are endothermic and the enthalpies of reactions (H) range from 22.9 to 43.1 kJ.mol -1 . The corresponding reaction rates (K) are 6.2910 -5 , 1.7210 -5 , 9.1910 -4 , 1.0110 -5 , 2.6610 -4 and 3.0710 -5 s -1 , respectively. It is clear that the azido-tetrazole isomerism reaction is accelerated in the second and third cyclization processes. It can also be found that the activation energies of forming TS1, ITS, ITS2, IITS1, IITS2 and IITS3 are 93.6, 96.7, 86.8, 98.0, 89.8, 95.3 kJ.mol -1 , respectively. The energy barrier of azido-tetrazole isomerism is relatively high, which can prevent the tetrazolization from happening once the azido form is formed, while for the second or third cyclization, the energy barrier is slightly reduced. In other words, for all possible cyclization reactions, azido isomers are more stable. The relatively high activation barriers for the 1,5-dipolar cyclization should be due to the high energy cost for the bending of the N-N-N angle and the electron density redistribution.
From the energy point of view, the reaction should mainly follow the path of M1 TS1 M2 for 1-azido-s-triazine, IM1 ITS1 IM2 ITS2 IM3 for 1,3-diazido-s-triazine, and IIM1 IITS1IIM2 IITS2 IIM3IITS3IIM4 for 1,3,5-triazido-striazine and obtain their corresponding tetrazole structures.
Conclusion:
The azido-tetrazole isomerisms of 1-azido-s-triazine, 1,3-diazido-s-triazine, and 1,3,5-triazido-s-triazine have been studied using the B3LYP levels of theory. The results show that the transition state of the isomerism is the 5-membered ring. The reaction initially proceeds through the loss of the linearity of the azido group and the approaching of the terminal nitrogen atom of the azide group to the nitrogen atom of the ring. This step is then followed by the attraction of the lone pair on N in the ring to the azido group, leading to the formation of the N-N bond. Many factors including the bending of bond angle, electrostatic attraction, orbital delocalization and stabilization interaction give rise to a large free energy barrier. The studies also show that the second and third cyclizations are relatively easier than the first one.
